The sediments recovered during Leg 138 provide a remarkable opportunity to improve the geological time scale of the late Neogene. We have developed new time scales in the following steps. First, we constructed age models on the basis of shipboard magnetostratigraphy and biostratigraphy, using the time scale of Berggren, Kent, and Flynn (1985) . Second, we refined these age models using shipboard GRAPE density measurements to provide more accurate correlation points. Third, we calibrated a time scale for the past 6 m.y. by matching the high-frequency GRAPE density variations to the orbital insolation record of Berger and Loutre (1991); we also took into account δ 18 θ records, where they were available. Fourth, we generated a new seafloor anomaly time scale using our astronomical calibration of C3A.n (t) at 5.875 Ma and an age of 9.639 Ma for C5n.ln (t) that is based on a new radiometric calibration (Baksi, 1992) . Fifth, we recalibrated the records older than 6 Ma to this new scale. Finally, we reconsidered the 6-to 10-Ma interval and found that this could also be partially tuned astronomically.
INTRODUCTION
In geology, the phrase "time scale" denotes the formal framework that is used to assign ages to geological deposits or to events in the geological record. It is often hard for a nongeologist to appreciate either the importance of the development of geological time scales or the difficulties that arise in generating and applying them. In this chapter, we focus on three types of "time scale." First, we have a time scale for variations in the geometry of the Earth-sun orbital system. We have used that published by Berger and Loutre (1991) . Berger (1988) reviewed the history of studies of the Milankovitch theory in relation to climate in the geological past, and reviewed the accuracy of recent computations. Second, we generate a time scale for variations in sediment density (reflecting changes in the ratio of opal to calcite) that is based primarily on Sites 849, 850, and 851, with records from Sites 846 and 847 providing important information; this time scale will probably be applicable to a large area of the equatorial Pacific Ocean. Third, we use this to recalibrate a section of the magnetic polarity time scale that is used globally to assign ages to rock sequences for recording an identified sequence of magnetic field reversals.
In another chapter (Shackleton et al., this volume) , we use the time scale of this study to calibrate part of the oxygen isotope time scale (Shackleton and Opdyke, 1973; Imbrie et al., 1984) . Finally, we apply our new time scale to the extensive series of biostratigraphic datums, determined by our colleagues, to refine the Neogene biostratigraphic time scale (Shackleton et al., biostratigraphic summary, this volume) . The results of major synthetic studies on the geological time scale (Berggren, Kent, and Flynn [1985] and Berggren, Kent, and Van Couvering [1985] ; Harland et al. [1990] ) are usually presented in terms of age calibration of chronostratigraphic boundaries defined in stratotype sections. The geological literature is muddled by the fact that the word "age" has a specialized meaning: "sensu stricto the chronostratic division of rank between epoch and chron..." (quoted from the glossary in Harland, 1978 ) that we do not make use of here. In this chapter, we are concerned with the numerical ages expressed in an astronomical unit (years) and calibrated through slower astronomical cycles.
The first statistically convincing demonstration that the imprint of variations in EartiYs orbital geometry can be detected in deep-sea sediment records of climatic variability was that of Hays et al. (1976) . The major advance that led to this work was the application of a reliable initial time scale through the simultaneous application of magnetostratigraphy and oxygen isotope stratigraphy in equatorial Pacific Ocean Core V28-238 (Shackleton and Opdyke, 1973) , and indeed, preliminary spectral analysis indicated that the validation of the Milankovitch hypothesis was imminent. The advantage of the cores examined by Hays et al. (1976) was the relatively high sedimentation rate of about 4 cm/k.y., which ensured that the evidence for precession could be detected. By contrast, Core V28-238, having a sedimentation rate of less than 2 cm/k.y., barely preserves a precession signal. Imbrie et al. (1984) published a time scale for the past 800 k.y. on the basis of a stack of oxygen isotope records from a number of cores. The major part of this calibration has held up to subsequent scrutiny, but the lowest part, which was dependent on two cores having low sedimentation rates, has undergone major revision (Shackleton et al., 1990; henceforth, SBP90) . This revision was only possible because the Ocean Drilling Program (ODP) visited DSDP Site 504 again and resampled it as Site 677 using the advanced piston corer (APC). Site 677 has a consistent sedimentation rate of about 4 cm/k.y. There is little doubt that sedimentation rate is the chief limitation on the reliable detection of orbital signals in deep-sea sequences. Leg 138 was planned so as to core a number of sites in the high productivity area of the eastern equatorial Pacific Ocean, where scientists already knew that high sedimentation rates could be anticipated, and where pervasive evidence of lithological cyclicity was also known (van Andel et al., 1975) . Thus, an excellent opportunity was presented for extending the astronomical time scale.
PAST RESEARCH
The first steps toward astronomical calibration of the pre-Brunhes time scale were those of Pisias and Moore (1981) , who had access to only relatively low-resolution data from a piston core. A major advance was made by Ruddiman et al. (1986) and Raymo et al. (1989) , while working on DSDP Site 607 in the North Atlantic Ocean. These scientists showed that a long interval, now known to extend at least to 3 Ma, existed during which climatic variability was concentrated at the frequency of changes in obliquity (period 41 k.y.). Making only minor adjustments to the time scale based on linear interpolation between observed magnetic reversals, and using published ages for the last few reversals of Earth's magnetic field, these researchers developed a time scale that extended to about 2.4 Ma. This major achievement was possible because of the careful work that had been done to develop a complete and continuous section for Site 607 (Ruddiman, Kidd, Thomas, et al., 1987) and by the large amount of laboratory work that had been invested in that site.
Both Hilgen (1991a, henceforth H91) and SBP90 found evidence that this pioneering work, in fact, had led to incorrect conclusions. Hilgen's work was focused on the sequence of sapropels preserved in Pliocene rocks in southern Italy; he obtained an astronomically calibrated age for the Matuyama/Gauss boundary on the basis of matching these sequences with the astronomical eccentricity and precession signals. Soon after, Hilgen (1991b, henceforth H91) extended his calibration to the base of the Pliocene and gave ages for magnetic reversals back to Thvera Subchron (H91). SBP90 worked on planktonic and benthic δ 18 θ records from ODP Site 677 in the eastern equatorial Pacific Ocean, covering the past 2.6 m.y. These workers identified three points where Ruddiman et al. (1986) had interpreted as a single obliquity cycle a section of record that actually spanned two obliquity cycles. Other researchers subsequently have confirmed this interpretation by examining GRAPE density records from the Atlantic (Herbert et al., 1992) and through a new high-resolution δ 18 θ record from the Indian Ocean (Bassinot, pers. comm., 1992) . Since that time, a number of scientists have provided new estimates of the age of the last few magnetic reversals (largely based on high precision 40 Ar/ 39 Ar dating) that support the new calibrations. For the Brunhes/Matuyama boundary, Izett and Obradovich (1991) , Tauxe et al. (1992) , Spell and McDougall (1992) , Baksi et al. (1992) , and Hall and Farrell (1993) all obtained ages supporting the new astronomically calibrated age of 0.78 Ma. For the Jaramillo Subchron, Glass et al. (1991) , Spell and McDougall (1992) , and Tauxe et al. (1992) found support for the new age (although Obradovich and Izett [1992] obtained values nearer the conventional age). Obradovich and Izett (1992) obtained age estimates for Cobb Mountain and for the base of the Olduvai to support the astronomical calibration. Walter et al. (1991) also obtained an age within the Olduvai Subchron at Olduvai Gorge to support the astronomical calibration of the base of the normal subchron. Walter et al. (1992) obtained ages in the Gauss that support the new calibration, and McDougall et al. (1992) showed that age determinations in the Gilbert (that had previously appeared anomalous), in fact, were in good agreement with the H91 time scale for the early Pliocene. Finally, Wilson (1993) demonstrated that if seafloor spreading rates are examined with high precision, they prove to be less variable when estimated using the astronomical time scale than when using other published time scales.
MAGNETOSTRATIGRAPHY OF LEG 138 SITES
The time scale used during Leg 138 was based on the version of the seafloor spreading magnetic anomaly time scale derived by Berggren, Kent, and Flynn (1985) . In turn, this represented a new age calibration of the anomaly sequence created by LaBrecque et al. (1977) , which was based on the classic South Atlantic profile of Heirtzler et al. (1968) . Berggren, Kent, and Flynn (1985) used as age control points eight anomalies having ages that range from 3.40 to 84.0 m.y.; they assumed linear spreading on their profile between these controls. Recently, Cande and Kent (1992) (henceforth CK92) introduced three significant modifications to this time scale. First, they generated a more reliable baseline anomaly sequence by re-evaluating a suite of South Atlantic profiles, instead of relying on the single profile of Heirtzler et al. (1968) . Second, they restacked high-resolution profiles from other areas onto this improved South Atlantic sequence. Third, they used a cubic-spline, instead of a linear interpolation, to estimate the ages of anomalies between their calibration points; this is important from a geophysical standpoint, because it avoids introducing artificial instantaneous plate accelerations at the control point ages. CK92 also documented some additional reversals that were not included in the scheme of LaBrecque et al. (1977) . Finally, CK92 introduced a minor improvement to the nomenclature, which we use in this chapter, alongside the familiar Pliocene-Pleistocene terminology. We have used the standard South Atlantic Ocean profile of CK92 as our guide to the relative spatial and temporal spacing of reversals during the Neogene.
Among the 11 sites drilled during Leg 138, eight (844, 845, 848, 850, 851, 852, 853, and 854) provided segments of useful magnetostratigraphy. Taken together, these provide a complete coverage of the polarity transitions of the last 13 m.y. since C5AB.n (t). For the purpose of calibration, reversals located in sediments having a higher sedimentation rate are more valuable. In this sense, Site 851 is particularly valuable for events between the present and C3n.ln (the Cochiti Subchron). Site 852 preserves a good record to the top of C5.2n, except for the interval between C3A.nl and C4A.nl, where we rely on Site 853. Site 848 also preserves a record to the base of C5r. 1 n. For the oldest part of the record, we rely primarily on Site 845, which extends to C5AB.n (t). The depths of the reversals in each site are given in the appropriate site chapter, with a few exceptions. Schneider (this volume) has reinterpreted the data for Core 138-844C-6H; we have accepted this new version. Schneider (this volume) has also improved the data from Site 845 by analyzing discrete samples. Again, we have used this revised data set. We accept the Gauss/Gilbert boundary in Hole 850B (plotted in error, p. 841, Fig.  22 of Mayer, Pisias, Janecek, et al., 1992) . Data for Hole 85 ID are provided by Meynadier et al. (this volume) .
BIOSTRATIGRAPHY
Remarkably high resolution was achieved in the shipboard biostratigraphy for all the major microfossil groups. Initially, age models were developed on the basis of the compilation given in the "Explanatory Notes" chapter . A small number of datum levels were redated (within the framework of the Berggren, Kent, and Flynn [1985] time scale) on the basis of the excellent magnetostratigraphy in Sites 844 and 845. This more-or-less selfconsistent set of datum levels provided the basis for the age models developed in the site chapters and in Shackleton et al. (1992) .
The objective of this chapter is to develop a more accurate time scale than has hitherto been available, by using the obvious cyclic character of the GRAPE density records as a monitor of the response of the fertile equatorial circulation system to forcing by variations in Earth's orbital geometry. The gamma-ray attenuation porosity evaluator (GRAPE) density tool is used aboard JOIDES Resolution to obtain automatic high-resolution records of sediment density; these data are discussed in Hagelberg et al. (this volume) . In this region, sediment density varies with carbonate content, which in turn is closely linked to surface productivity. Since it was obvious at an early stage that this study would entail significant changes to the time scale used aboard JOIDES Resolution, biostratigraphic datum levels were used mainly to maintain the stratigraphic correlation between sites as the "tuning" was performed. Procedurally, this was done by recalculating the age for each datum level as the ages of the magnetostratigraphic boundaries were estimated again. Subsequently (Shackleton et al., this volume) , we created a new set of best estimates for the ages of all useful biostratigraphic datums, based on the combined evidence ofalltheLeg 138 sites. Here, it is appropriate to remark that published estimates for a good proportion of the datums used were based on sparse data. This means that it is difficult to evaluate an age model for many of the sites because of apparent conflicts among age estimates suggested by data from different fossil groups. Ultimately, the most rigorous test of our age models will come, on the one hand, from the statistical evaluation of the patterns of density variability that they predict (Hagelberg et al., this volume) and, on the other, from further radiometric dating of the magnetic reversal sequence.
OXYGEN ISOTOPE STRATIGRAPHY
To maintain internal consistency in this study, we have attempted to develop a time scale that is based almost entirely on characteristic events in the GRAPE density records. We have not directly used the standard δ 18 θ chronology in the upper part. As these data emerged, we have had access to the benthic 5 18 O records of Sites 846 and 849 (Mix et al., this volume) and to the planktonic δ 18 θ records of Sites 847 (Farrell et al., this volume) and 851 (Ravelo et al., this volume) for the Pleistocene, as well as to the benthic δ 18 θ record of Site 846 (Shackleton et al., this volume) for the Pliocene. Our aim has been to generate a GRAPE-based time scale for the Pleistocene that would not be in conflict with a δ 18 O-based time scale, where that is available. Thus, we have used as control points features that are visible in the GRAPE density records. Initially, we utilized the same procedure throughout, correlating GRAPE density maxima to insolation maxima and GRAPE density minima to insolation minima. However, Farrell et al. (this volume) show that in the Pleistocene section of Site 847, age differences between our time scale based on GRAPE density and one based on δ 18 θ stratigraphy do arise, although they seldom exceed a few thousand years. Thus, we have in addition developed modified time scales for the past million years in which the ages for GRAPE density events have been shifted away from the ages of insolation maxima and minima to generate time scales that are closer to those suggested by the δ 18 θ data.
In Tables 1 to 11 , we present age models that are probably close to a true δ 18 θ time scale through the past million years; we also present (Table 12 ) the alternative age models for the upper part that were developed independent of the δ 18 θ data. These may be regarded as viable alternative age models. Although age models based solely on GRAPE density might be expected to be less reliable than those based on δ 18 θ stratigraphy, one cannot assume that the current δ 18 θ time scale is perfect in every detail.
TUNING METHODS
It was a strength of the investigation by Hays et al. (1976) that they were able to document variance in the bandwidth of each of the three orbital variables (eccentricity, obliquity, and precession) in three independent paleoclimate proxies (δ 18 θ, radiolarian-based sea-surface temperature, and percentage Cycladophora davisiana) using an age model for their cores that was entirely independently generated. In general, this is difficult to achieve, especially in a situation such as the eastern equatorial Pacific Ocean, where sedimentation rate clearly varies with climate, perhaps over a wide range. Thus, we have not attempted to demonstrate independently for each segment of time in each site that a statistical likelihood exists for the variability observed to be associated with orbital forcing. However, spectra on untuned sections of GRAPE density record consistently suggest concentration of power at orbital frequencies.
In a similar manner, Imbrie et al. (1984) did not attempt to demonstrate in advance that each of the records they used in their compilation contained the orbital imprint. Instead, they reasoned that the time scale that they generated gave rise to a sufficiently high coherency between δ 18 θ and orbital insolation that the time scale was probably largely correct. Procedurally, Imbrie et al. (1984) used a strategy based on digital filters. To do this, one must develop an initial time scale, filter one orbital bandwidth (for example, obliquity), and note such small changes in the age model as may be needed to maintain a constant phase relationship between the filtered signal and the calculated obliquity record. The disadvantage of the method is that it is difficult to apply if sedimentation rates are extremely variable. In the case of the Leg 138 sites, it was already clear that this is so . For this reason, we chose to work entirely in the time domain, comparing GRAPE density with a target record derived from the orbital data.
This was also the strategy used by SBP90 for Site 677 (indeed the same strategy also had its place in the study of Imbrie et al. [1984] as considerable uncertainty regarding the appropriate "first guess" chronology existed when that work started). However, in the case of the work on Site 677, a reasonable tuning target already existed; SBP90 used the simple ice sheet model of Imbrie and Imbrie (1980) to produce a target record that embodied the same time constants relating ice volume and summer insolation at 65 °N that have been documented for the late Pleistocene. In the case of GRAPE density (or the underlying variable, the ratio of calcite to biogenic opal), we do not have a model linking the forcing and the response. Therefore, we have simply used the calculated record of summer insolation at 65 °N as the tuning target. We have throughout assumed that no phase lag existed between insolation and GRAPE density and that high density (high percentage of CaCO 3 ) is associated with high Northern Hemisphere summer insolation. This phase relationship may be approximately valid for the most recent past; in the Pacific Ocean, a low percentage of CaCO 3 is associated with interglacial-to-glacial transitions and good carbonate preservation with glacial-to-interglacial transitions (e.g., Ninkovich and Shackleton, 1975; Keir and Berger, 1985; Le and Shackleton, 1992) . Whether this phase relationship is appropriate to the equatorial high productivity belt in the eastern Pacific Ocean, and whether the same phase relationship is appropriate for the older part of the record, is not yet known. Although the uncertain phase contributes a significant source of potential error in our time scale, it only entails, at a maximum, a few thousand years of systematic error in the uncertainty of the age estimates. Procedurally, the process of tuning the GRAPE density data may be idealized as follows. We must, however, emphasize that in reality a considerable number of iterations exist for each step. The work was performed on three-dimensional LOTUS 1-2-3 spreadsheets. For each site, the starting point was the composite section of continuous GRAPE density record generated by splicing segments of data from among the holes available and shown by Hagelberg et al. (1992; Chapter 5, Fig. 6 ) and by Shackleton et al. (1992; Chapter 6, Fig. 1 ). For Sites 846 to 852, this was later replaced by the stacked record, generated by Hagelberg et al. (this volume) . This stacked record is based on the same depth scale as the original spliced record, with data from all the other holes at the site stacked onto it and averaged to provide a record having a higher signal-to-noise ratio. This GRAPE density record was placed first on a low-resolution time scale. This time scale was based on the age models in Shackleton et al. (1992) modified on the basis of a smooth conversion to the CK92 magnetostratigraphic time scale. The GRAPE density time series then was compared on the same age scale with the orbital insolation record. Age control points then were added so as to align prominent groups of density maxima with groups of insolation peaks. We found that sections having about 0.8-m.y. duration were conveniently viewed. Each of the sites containing orbital scale variability over a chosen time interval was first tuned in this fashion independently. Next, records were compared with each other and, if necessary, with other lower-resolution sites containing magnetostratigraphic data. Because aboard the ship we had observed close similarities among the GRAPE density records of sites even when widely separated, we have assumed throughout this exercise that changes in percentage carbonate (as reflected in the GRAPE density records) in reality did occur synchronously over wide areas of the Pacific Basin. Many previous studies have been based successfully on this hypothesis (Arrhenius, 1952; Hays et al, 1969; Vincent, 1981; Farrell and Prell, 1991) . Mayer (1991) showed how one may calculate a record of percentage carbonate from a GRAPE density record, and Hagelberg et al. (this volume) show carbonate records derived by this method for the Leg 138 sites. We chose to work with untransformed GRAPE density data because analytical uncertainty (and, hence, any measure of significance) is uniform across the density range, whereas it is not uniform across the percentage range. For logistical reasons, we initially worked with the spliced records as displayed in Hagelberg et al. (1992; Fig. 5) ; when a stacked record for a site (Hagelberg et al., this volume) became available, this was used instead. Consequently, not all the records were worked on at the same degree of smoothing. In general, working with the stacked and smoothed records was easier. For the plots that are shown in this chapter as Figures 1A through IF , all the GRAPE density data were smoothed in the time domain.
RESULTS
In this section, we discuss the results of tuning the Leg 138 sites in 1-m.y. sections, starting from the most recent increment. The outcome is reported in the series of Tables 1 through 11 that lists depth- Figures 2 to 8 for two reasons. First, it is only by referring to the individual holes that one can assess the exact relationship between the GRAPE density and paleomagnetic stratigraphies. Second, these figures display the strengths and limitations of our tuning approach more clearly than Figure 1 does.
The interval from zero to 2 Ma (Fig. 1 A) was surprisingly difficult to tune, considering the amount of work that has been devoted to the study of Pleistocene climate. Examination of Figure 1A shows a convincing degree of correlation among the sites, but the relationship with the orbital data is not at all obvious. Here, we do not quantify the correlation among sites, but note that Hagelberg et al. (this volume) demonstrate by empirical orthogonal function (EOF) analysis that a high proportion of the variability in all the sites is explained by the first EOF. Figure 2 shows the data for the interval 0 to 1 Ma from Holes 85 IB, 851C, 85ID, and 85IE separately, tuned with GRAPE density extremes correlated to insolation extremes. In this interval, the match between GRAPE density and the orbital record is fairly poor. As regards tuning to the orbital record is concerned, we emphasize again that in this interval we have been guided by the objective of creating a time scale based on features in the GRAPE density record that is not grossly inconsistent with a δ 18 O-based time scale. By contrast, in Figure 1 , the GRAPE density data for Site 851 are shown using the control points in Table 8 , so that for the past million years the GRAPE density extremes are no longer all exactly aligned with insolation Table 12 . Age-depth control points for the interval 0 to IMa derived by correlating GRAPE density and orbitally controlled insolation without regard to the established δ 18 θ time scale. extremes. From a statistical standpoint, the tuning illustrated in Figure  2 leads to an acceptable coherency between GRAPE density and orbital insolation, whereas the tuning illustrated in Figure 1 does not (Table 13 ). The fact that neither version of the time scale for the interval from 0 to 1 Ma leads to high coherency for both GRAPE density and δ 18 θ has the unfortunate consequence that we cannot obtain statistically useful information on the phase relationship between these two parameters.
Between 1 and 2 Ma, the situation is slightly clearer (Fig. 3) . In this time interval, δ 18 θ records are dominated by 40-k.y. obliquity cycles (Pisias and Moore, 1981; Ruddiman et al., 1986) . Several segments of GRAPE density variability show evidence of 40-k.y. cycles over this interval; see, for example, Sites 847 and 852 in Figure  1A . The individual holes of Site 851 do not show the 40-k.y. cycles so clearly (Fig. 3) , and it would not have been possible to develop the time scale on the basis of only this site.
Moving to the interval between 2 and 4 Ma shown in Figure IB , the tuning operation became easier. For intervals between 2.0 and 2.6 Ma, we have been guided by the δ 18 θ record of Site 846 (Shackleton et al., this volume) . Correlating this record to that of Site 677 (SBP90) implies a strong obliquity signal in the GRAPE density, especially between 2.4 and 2.6 Ma. In some sites, the precession cycles between 2.1 and 2.3 Ma are recognizable. The good magnetostratigraphic record for Site 851 (Fig. 4) provides a tie to the astronomical calibration of SBP90 in Site 677, and it is only for the section older than 2.6 Ma that we are seeking a tuning that is independent of previous work. Thus, the marked similarity between GRAPE density variations and the orbital record between 2.5 and 3.0 Ma in several sites, as well as the conspicuous precession cycles in the interval from 3.0 and 3.2 Ma and between 3.7 and 4.0 Ma, are particularly important for carrying the tuning operation back through the Gauss. It is appropriate to remark that our starting point was the assumption that since the time scale developed by Cande and Kent (1992) was calibrated astronomically at 2.6 Ma, it would prove to be nearly correct. We were aware that this time scale diverges from H91 in the Gilbert Chron, but imagined (wrongly, as it turns out) that this disagreement would be resolved in favor of smooth seafloor spreading and, hence, in favor of the time scale of Cande and Kent (1992) . The data for the individual holes of Sites 850 and 851 for the interval 3 to 4 Ma are shown in Figures 5 and 6 . From 3.0 to 3.5 Ma, the tuning is exceptionally clear; however, with the data from several sites to work with, the tuning to 4 Ma also is reliable.
The interval from 4.0 to 6.0 Ma is shown in Figure 1C . Again, the precession signal is well recorded in several of the sites. Between 4.0 and 4.4 Ma, Site 846 shows a clear precession signal, and both Sites 846 and 847 appear to record the interval between 4.6 and 5.0 Ma, during which the insolation record shows strong precession cycles flanking an interval dominated by obliquity. Of course, this pattern is a reflection of eccentricity maxima flanking a broad interval of low eccentricity. The significance of this is that although uncertainties in the astronomical calculations mean that the exact temporal relation- ship between a particular precession peak and a particular obliquity maximum may be unknown, the timing of the eccentricity record is probably reliable .
Between 5 and 6 Ma, GRAPE density variations are more erratic, but even so, there appear to be intervals having large-amplitude variations associated with precession. These large jumps in mean density value adversely affect the results of bandpass filtering of the data. Their origin is partly the episodes during which laminated sediments accumulated (Kemp and Baldauf, 1993) . It is difficult to put bounds on possible sedimentation rate excursions associated with these events and, in some details, the tuning is speculative in those parts of the record associated with accumulation of laminated sediments. At about 5.8 Ma, we were assisted in correlating sites by features in the bulk sediment δ 13 C record that could be correlated among sites (Shackleton and Hall, this volume) .
STATISTICAL EVALUATION
To present a straightforward statistical evaluation of the time scales that have been generated, we constructed a synthetic western transect record by simply averaging the GRAPE density estimate at each 0.001-Ma age increment at Sites 849, 850, and 851. Figure 9 shows cross-spectral analyses of this record vs. the 65°N insolation record of Berger and Loutre (1991) in million-year segments. It is apparent from Figure 9 that tuning has resulted in coherency estimates in the precession band of more than 0.9 in every time interval except 0 to 1 Ma. Coherency estimates are given in Table 13 . In every time interval, coherency with precession is greater than coherency with obliquity; coherency with obliquity ranges from a low of 0.61 in the 5-to 6-Ma interval to 0.89 in the 2-to 3-Ma interval. Phase plots are not shown because we tuned by assuming a zero phase lag between insolation and GRAPE density; however, note that in no case are the phase estimates for either precession or obliquity significantly different from zero, other than the phase against obliquity in the range of from 3 to 4 Ma, where GRAPE density lags insolation by 50 ± 20°( 6 ± 2 k.y.) in the obliquity band. In the interval from 0 to 1 Ma, coherency is acceptable for the age models in which GRAPE density extremes are exactly aligned with insolation extremes (Table 12 ), but not for the δ 18 θ age models given in the upper parts of Tables 1 to 11 . Coherency between the geological data and the orbital target in the precession band is the fundamental method by which a time scale may be evaluated. There are two reasons for this. First, the modulation on the precession signal is very much stronger than that on the obliquity signal, so that the test of coherency is more valuable. Second, the modulation on the precession signal arises directly from the orbital eccentricity record for which the calculations are the most robust (Berger et al., 1992), whereas the modulation on the obliquity signal (1) does not have a clearly defined and independent origin, (2) appears in the series expansion through the interference between several terms with periods close to 41 k.y. (Berger and Loutre, 1991;  Table 7 ), and (3) thus is sensitive to extremely small errors in their estimation. Two studies (Pisias, 1983, and Brüggemann, 1992) showed that high coherencies cannot be generated by "tuning" a randomly varying time series to the orbital signal (although Neeman [in press ] reached a different conclusion). Thus, it seems unlikely that the very high coherencies shown in Figure 9 could have been obtained had there not been a close coupling between changing solar insolation and East Pacific Ocean paleoceanography. Moreover, Hagelberg (1993) showed that, although estimated coherency is reasonably robust with respect to small errors in time scale, the reduction in coherency resulting from time-scale error is frequency dependent, with the coherency at precession frequencies showing the highest degradation. Thus, the very high coherencies in the precession band shown in Figure 9 constitute strong evidence that our time scale is close to correct. It must be pointed out that the high coherencies shown by Imbrie et al. (1984) for a stacked δ 18 θ record covering the past 0.78 Ma did also imply that the chronology was close to correct; this remains true, despite the fact that we now think that it was correct only over 75% of the interval covered (SBP90).
The high coherencies shown in Figure 9 also indicate that the physical linkage between changing solar insolation and paleoceanography has remained strong through the whole Pliocene, suggesting that it may be amenable to modeling. On the other hand, it must be said that it is important in the future to test the validity of the calibrations that we have obtained beyond the range of overlapping with H91 in an area that experienced less violent fluctuations in sedimentation rate. The reason is that one property of a convincing age model is that it should not generate physically unreasonable changes in sedimentation rate; one of the findings of Leg 138 was that in the eastern equatorial Pacific, sedimentation rates are extremely variable so that it is difficult to specify what is, in fact, a physically unreasonable change. In addition, the hole-to-hole comparisons made by Hagelberg et al. (this volume) show that a significant proportion of the apparent variability in sedimentation rate either persists over only small distances on the seafloor or else is an artifact of distortion during coring.
It is a striking feature of both the records from the Mediterranean Basin, studied by Hilgen (1991a Hilgen ( , 1991b , and those from the eastern Atlantic Ocean, studied by Tiedemann (1992) , that good evidence can be seen for a 100-k.y. eccentricity cycle in their data. Indeed, the ground-breaking study by Hilgen (1991a) was possible only because he was able to place his records in the context of the 400-and 100-k.y. eccentricity cycles and so could to develop an astronomically calibrated time scale without working systematically back from the present. It is evident from Figures 1 and 9 that this approach is not possible in the GRAPE density records recovered during Leg 138. No consistent 100-k.y. signal is present, and coherency between insolation and GRAPE density is only marginally significant in the eccentricity fre-quency band. Figure 1 shows that there is considerable low-frequency variability in GRAPE density; presumably, this masks any eccentricity signal that might otherwise have been present. 
DISCUSSION: CALIBRATIONS OF THE MAGNETIC POLARITY TIME SCALE FROM 0 TO 6 M.Y.
To obtain the most reliable ages for Pliocene magnetostratigraphy, we examined the critical intervals hole by hole. This enabled us to evaluate the quality of each estimate. In Figures 2 to 5 , we show the magnetic declination and tuned GRAPE density vs. age for each hole in Sites 850 and 851 over the interval from 3 to 4 Ma. For the Kaena and Mammoth subchrons, the boundaries are clearly related to the GRAPE stratigraphy, and the estimates are consistent (Table 14) . Initially, we were unable to obtain a clear calibration for the base of the Gauss, but careful examination of the data for Holes 850A and 850B (Fig. 5) shows clear precession cycles; by correlating the holes of Site 851 to those of Site 850, we obtain a consistent calibration.
In the Gilbert interval, Site 852 provides the vehicle for transferring our time scale to the paleomagnetic record; in addition, a record of the Cochiti occurs in Site 851. Figures 7 and 8 show the GRAPE density and magnetic declination data for the individual holes of Site 852 over the intervals from 4 to 5 Ma and from 5 to 6 Ma. In these records, the age control points derive from correlation to Sites 849, 850, and 851, rather than direct correlation to the orbital record; for this reason, we show in Figures 7 and 8 the stacked GRAPE density records of Sites 849, 850, and 851, as well as the orbital insolation, so that the tuning process may be followed. The interpolated ages of each of the reversals in each hole are given in Table 15 .
The top of the Nunivak is a problematic area because the 65°N orbital signature is structureless where the GRAPE data show evident structure; here, we may have difficulties with the accuracy of the astronomical solution. If this is the correct explanation, we would be led to conclude that the eccentricity values were not so low as those given in the calculations of . Such a conclusion would not necessarily be in conflict with the observation that the main eccentricity periods are known rather accurately so that the timing of eccentricity maxima is reliably known at ages where the timing of obliquity maxima is less well known. Table 16 provides mean estimates for the ages of the magnetic reversals in Sites 850,851, and 852 that arise from the tuning discussed above. These estimates are compared (1) with those that, until recently, have been regarded as "standard" (Berggren, Kent, and Flynn (1985) and Berggren, Kent, and Van Couvering (1985) ; (2) with those given by CK92; and (3) with the earlier tuned ages of SBP90 and H91.
It is apparent from Table 16 that ages for the Kaena and Mammoth intervals agree well with both Hilgen's estimates and those of CK92. At the base of the Gauss, our estimate agrees with that of Hilgen (1991a) ; both estimates are significantly older than those of CK92. The age obtained here, 3.594 Ma, is a little younger than that reported by Shackleton et al. (1992) . The reason is that we reevaluated the GRAPE density record of Site 850, which has the higher sedimentation rate across this interval, and identified the complete sequence of precession cycles in this critical interval. We then mapped the Site 851 holes into this record. The result (Figs. 5 and 6 ) is convincing.
On average, our age estimates are a few thousand years greater than those given by Hilgen (1991a). Hilgen's estimates were based on an assumed lag of 4 k.y. between precession extremes and the midpoints of the equivalent lithological bed, whereas we have not assumed any lag between insolation and GRAPE density extremes. Pending a more sophisticated evaluation of the response of the respective paleoceanographic systems to orbital forcing, we conclude that differences between our estimates and H91 are negligible. From the Cochiti to the base of the Thvera subchrons, our estimates also are near those given by Hilgen (1991b) , although, because they were calibrated in more slowly accumulating sediment, our estimates for the ages of these reversals are not so precise as those for the reversals in the Gauss. However, it is now clear that this time scale provides true accuracy through a sufficient amount of the Pliocene that one must recalibrate the magnetic anomaly time scale of CK92 to take into account the significant deviations that become evident by the base of the Gauss.
From the Thvera to C3A.ln (t), tuning was difficult as a result of the exceptionally wide ranges in sedimentation rate in several sites. However, we attempted it for two reasons. First, this is a key to extending the work of Hilgen (1991b) into the Miocene: it is necessary to cover the interval of the Messinian salinity crisis by working in extra-Mediterranean sediments. Second, the young side of C3 A is widely used as a calibration point when developing time scales for the seafloor magnetic anomaly sequence. In the interval from 5 to 6 Ma, GRAPE density and orbital insolation are highly coherent in the precession band, but only weakly coherent in the obliquity band (Fig.  9F) ; moreover, in our solution, no discrete concentration of variance is observed in the 41-k.y. band. The δ 18 θ record developed for Site 846 does not show a strongly coherent 41 -k.y. signal either; it remains possible that either a different tuning of the data investigated here or a record of different components of the climate system might lead to higher coherencies than those we have obtained here.
RECALIBRATING THE MIOCENE TIME SCALE
One will recall that CK92 calibrated the distance scale for the South Atlantic Ocean anomaly sequence on the basis of a control age at 2.6 Ma and another at 14.8 Ma (and of course others through the past 100 Ma). The age of 2.6 Ma for the Gauss/Matuyama boundary was based on astronomical calibration (SBP90), while the remaining have been based on radiometric age determinations. Clearly, for several years to come, there will be two sections to the anomaly time scale: an upper section that is calibrated in detail by astronomical tuning, and a lower section that is developed by interpolation between a limited number of control points that are based on radiometric dates. A possible procedure at this juncture would be to insert one new age control in the latest Miocene and retain the remaining points as used by CK92. However, when South Atlantic spreading rates are estimated on this basis, a geophysically unexpected oscillation in spreading rate is generated (Fig. 10) . Therefore, we have inserted an additional control point on the basis of the new determination by Baksi (1992) for C5 (t), 9.66 ± 0.05 Ma. For ease of use, we have adopted the value of 9.64 Ma for this boundary, which is the closest age within the uncertainty limits that enables GRAPE density to be matched directly to the insolation record. We have used 5.875 Ma for C3A(t). Table 17 gives the ages of reversal boundaries estimated from Table 2 in CK92 by fitting a cubic-spline in the same manner as they adopted. If one uses these new figures for events younger than 14.8 Ma together with those given by CK92 for older events, this does not generate a significant discontinuity at 14.8 Ma; we suggest that this time scale is probably more nearly correct as regards its depiction of changes in spreading rate during the late Neogene ( Fig. 10) than that of CK92. Because South Atlantic spreading rates clearly did change significantly during the late Miocene, it is highly likely that future tuning will modify this picture. These future modifications may undermine the basis for using a cubic-spline fit to predict the ages of the seafloor anomalies, but in the meantime, we recommend that the ages in Table 17 , together with those in CK92, Table 6 , for ages greater than 14.8 Ma, be used for Miocene calibrations. We are aware that the control age at 14.8 Ma may also be questioned (Baksi and Farrar, 1990 ) but prefer here to devise a solution that limits the adjustments recommended to that part of the time scale over which we have contributed new data.
DISCUSSION: MIOCENE AGES
Our objective was to generate an accurate, high-resolution time scale for the past 6 m.y. for Leg 138 sites. Several factors limit the backward extension of this type of time scale. First, the quality of our data deteriorates. It is not yet clear to what extent our composite depth sections are complete representations of the sediment column where the extended core barrel (XCB) was used instead of the APC. Second, both the quality of the GRAPE density data and the fidelity of its relationship to percentage carbonate deteriorates in more lithified sediments. Third, sedimentation rates are not so favorable in the mid-portion of the late Miocene sequence. Fourth, Berger and Loutre (1991) did not claim accuracy for their astronomical reconstructions prior to about 5 Ma and, indeed, it has already been suggested that modifications in the calculations may be required . Fortunately, the chief basis for tuning is the characteristic a At C2n.2r(t), the GRAPE density signal is much clearer at Hole 85IE than at the other holes, so that we have taken the estimate for that hole, rather than the mean, (t) = termination and (o) = onset. ** See Table 15. modulation of the precession signal by eccentricity, while the most likely modification to the calculated record would be in the timing of the obliquity cycles with respect to the precession cycles. On the positive side, several of the Leg 138 sites have good magnetostratigraphy, all have good biostratigraphy, and the GRAPE density records show considerable promise. Thus, we have aimed to develop partially tuned age models for the interval between 6 and 10 Ma. Their chief practical utility is that they enable us to propose detailed correlation among sites wherever the GRAPE data permits it; they also enable us to propose calibrated sedimentation rates over intervals that display orbital frequency variability; and finally, they enable us to evaluate the changing response to orbital forcing. We have made some use of bulk sediment δ 13 C data (Shackleton and Hall, this volume) as an additional tool for correlation between sites. The interval between 6 and 8 Ma is shown in Figure ID . Between 6 and 7 Ma, several sites show variability that is readily tuned to the insolation record, and some preliminary tuning has been performed. Note that the GRAPE density minimum between 6.5 and 6.6 Ma can be traced from Site 853 with a complete paleomagnetic record, through Site 852 with a similar GRAPE density record, to the extreme represented by Site 850, where this interval is marked by a 20-m-thick sequence of laminated sediment.
In the interval from 8 to 10 Ma shown in Figure IE , further work will be required to ensure the continuity of the records recovered with the XCB system, but it may be possible ultimately to generate a 
Hole 851 D continuous tuning to 10 Ma. In the meantime, we have made some preliminary correlations to the orbital record so that in correlating a particular maximum in the GRAPE density record from one site to another we use an age corresponding to an insolation maximum. It was on this basis that we adopted the value of 9.639 Ma for C5n.ln (t), which is consistent with the estimate of 9.66 ± 0.05 Ma given by Baksi (1992) , while permitting the tentative tuning close to that age shown in Figure IE . Beyond 10 Ma, no orbital estimates were available to us, although in fact, the calculations of Berger and Loutre (1991) have been extended back in time (Berger, pers. comm., 1993) . We have made some use of GRAPE density as well as biostratigraphy to correlate the other sites to Site 845, for which a good magnetostratigraphy is available to C5AB.n (t) at a recalibrated age of 13.252 Ma. Below that, we have not attempted here to improve on the shipboard age models, which were based exclusively on biostratigraphy. In Tables 1 to 11 , we identify those age control points that are based on magnetostratigraphy or biostratigraphy, rather than on GRAPE density.
SEDIMENTATION RATES
The high sediment accumulation rates along the equator are the most obvious geological indication of the characteristics of the physical oceanography of the region, and scientists have long known that the paleoceanographic history could be partly sought simply by examining the history of changing sedimentation rates. The work of van Andel et al. (1975) elegantly exploited and reviewed the material that was available up to the time of DSDP Leg 17. Perhaps the most striking scientific achievement during Leg 138 was the production of the high quality biostratigraphy and magnetostratigraphy that enabled us to generate refined sedimentation rate history and Shackleton and Shipboard Scientific Party [1992] ). The main feature of that result was the remarkably high sedimentation rates that prevailed over an interval of about 3 m.y. in the equatorial Pacific Ocean during the early Pliocene and latest Miocene. Figure 11 shows the sedimentation rate picture that emerges from the more refined time scales developed in this chapter. For each site, sedimentation rate has been estimated over 0.2-m.y. intervals centered at each 0.1 Ma in age (Tables 18 to 28 ). This presentation effectively damps out any sedimentation rate variability that may be attributed to the result of Milankovitch-scale processes. Both the onset of the interval of enhanced sedimentation rates at about 7.5 Ma and its termination at about 4.5 Ma are surprisingly rapid. We suggest (1) that it is hardly likely that such dramatic changes in the eastern Pacific Ocean could occur without repercussion in other parts of the global climate system and (2) that efforts should be made to identify related changes in other regions with a view to identifying the cause. Certainly, analogous changes have been reported in the equatorial Indian Ocean (Peterson and Backman, 1990) as well as in the western equatorial Pacific (Berger et al., 1993) .
SUMMARY
A consistent set of high-resolution age models for the Leg 138 sites is presented; these were provided to the Shipboard Scientific Party for use in preparing other chapters in this volume. For the past 6 m.y., these are fully orbitally tuned, providing a secure, absolute time scale for the seafloor anomaly scale, for the oxygen isotope record, for the seismic stratigraphy of the Pacific Ocean, and, of course, for all those aspects of climatic and Oceanographic variability that transfer the astronomical record of varying solar insolation into quasi-cyclic sedimentological variability. For the period prior to 6 Ma, the absolute time calibration becomes less secure, but we have Figure 3 . GRAPE density and magnetic declination for Holes 851B, 851C, and 85IE for the interval from 1 to 2 Ma, with orbital tuning target. Age control points are marked on the GRAPE density record. Declinations have been rotated arbitrarily for ease of comparison; the original data are shown in the site chapters in Mayer, Pisias, Janecek, et al. (1992) . defined a new magnetic polarity time scale based on astronomical tuning to the base of the Pliocene together with the anomaly distance scale given by CK92 and a new calibration by Baksi (1992) for the young side of C5n.
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Age (Ma) Figure 8 . GRAPE density (middle) and magnetic declination (below) for Holes 852B, 852C, and 852D for the interval from 5 to 6 Ma, with orbital tuning target. Age control points are marked on the GRAPE density record. Above: stacked GRAPE density records of Sites 849, 850, and 851 for the same interval. Declinations have been rotated arbitrarily for ease of comparison; the original data are shown in the site chapters in Mayer, Pisias, Janecek, et al. (1992) . Tables 6, 7 , and 8). B. 0 to 1 Ma (from Table 12 ). C. 1 to 2 Ma. D. 2 to 3 Ma. E. 3 to 4 Ma. F. 4 to 5 Ma. G. 5 to 6 Ma. H. 6 to 7 Ma. The time series were sampled at 3-k.y. intervals and cross-spectra calculated for 80 lags. Dashed line = insolation spectra; dash-dotted line = GRAPE spectra; solid line = coherency; dotted line = 80% confidence limit for coherency. Arrows at the top of the figure identify prominent peaks in insolation variance associated with obliquity (41 k.y.) and precession (23 and 19 k.y.). Cande and Kent (1992) 10 15 20 25
Age (Ma) Figure 10 . South Atlantic Ocean spreading rates derived by applying a cubic-spline function to the distances in CK92 (Table 2) . Line A uses our calibration for C3An (t) in addition to those used in CK92; Line B, our preferred solution, includes an additional calibration at C5n.ln (t). Table 5 ). Tables 18 through 28 . Estimates are plotted at 0.1-m.y. intervals; each estimate plotted represents the mean for the 0.2-m.y. interval centered on that age, derived by interpolating a depth point every 0.1 Ma from the table. Note that the values given are probably greater than the true in-situ sedimentation rates by about 10%, and somewhat more in the intervals recovered by the XCB (Hagelberg et al., 1992;  Fig. 3 Table 23 . Accumulation rates (mcd scale) estimated in overlapping 0.2 m.y. intervals for Site 849 (from Table 6 ). Table 27 . Accumulation rates (mcd scale) estimated in overlapping 0.2 m.y. intervals for Site 853 (from Table 10 ). 
